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Abstract— A linear and rotational two-degrees-of-freedom 
switched reluctance motor (2DOF-SRM) has been developed to 
independently control linear and rotational actuation on one 
actuator. The 2DOF-SRM drive system requires information on 
the linear and angular positions of the rotor for its control. The 
approximate angular position of the prototype 2DOF-SRM rotor 
was detected by the built-in photo-switches that utilize the salient 
pole of the rotor as the sensor target. The linear position of the 
rotor was detected by an external linear position sensor 
mechanically connected to the output shaft. To simplify this 
sensing system and improve sensing resolution, this paper 
presents a noncontact optical sensing method to simultaneously 
detect linear and angular positions of an actuating 2DOF-SRM 
rotor. The sensing principle for detecting the combined linear 
and rotational motion of the 2DOF-SRM and the performance of 
the linear and angular position sensing system are reported. 
Keywords- position sensor; optical sensor; multi-degrees-of-
freedom motor; switched reluctance motor 
I.  INTRODUCTION 
Two-degrees-of-freedom motion, which comprises a 
combination of rotational and linear motion, is widely utilized 
in industrial machinery such as boring machines and grinders. 
In conventional machinery, this combined motion is realized 
by a rotational motor installed on a linear motor. However, the 
mass of the rotational motor often acts as a load on the linear 
motor, particularly in quick motion and vertical actuation. 
Therefore, the size of the linear motor increases because of the 
additional power required to compensate for the inertia and 
weight of the rotational motor.  
To realize the combined motion using a single actuator, the 
authors have developed a linear and rotational two-degrees-of-
freedom motor based on switched reluctance motor technology, 
which is abbreviated as 2DOF-SRM [1]. The 2DOF-SRM can 
control linear and rotational actuations independently. In the 
2DOF-SRM control system, information on each linear and 
angular position of the rotor is necessary to switch the phase 
windings and control the winding current to produce the 
appropriate torque, thrust, and speed in two-degrees-of-
freedom motion. The prototype 2DOF-SRM is equipped with 
two different sensing systems for linear and angular positions 
of the rotor. The approximate angular position of the prototype 
2DOF-SRM rotor is detected by the built-in photo-switches 
that utilize the salient pole of the rotor as the sensor target. The 
linear position of the rotor is detected by an external linear 
position sensor mechanically connected to the output shaft. 
Therefore, the resolution of the angular position sensing of the 
rotor is low, and the sensing system becomes complicated and 
larger because of the addition of the linear position sensor to 
the outside of the motor. 
To simplify the system and increase the resolution of 
angular position detection, this paper presents a noncontact 
optical sensing method to simultaneously detect linear and 
angular positions of an actuating 2DOF-SRM rotor. The 
sensing principle detecting combined linear and rotational 
motion of the 2DOF-SRM is reported. Furthermore, a 
performance test of the linear and angular position sensing by 
the developed system is conducted. 
II. ROTOR POSITION SENSING SYSTEM OF TWO-DEGREES-
OF-FREEDOM MOTOR  
A. Configuration of 2DOF-SRM 
A typical three-phase 6/4 switched reluctance motor (6/4 
SRM) is shown in Fig. 1, in which torque is produced by the 
tendency of its salient pole rotor to rotate to a position where 
the inductance of the excited windings is maximized [2]-[4]. 
Namely, the torque T is produced by virtue of the variation in 
magnetic coenergy Wm’ stored in the air gap with respect to the 
rotor position  for a given winding current i; that is,  
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Figure 1.  Cross-sectional view of conventional three-phase 6/4 SRM 
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In the absence of magnetic saturation, (1) simplifies to 
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where L is the inductance of the excited windings. 
Fig. 2 shows the configuration of the prototype 2DOF-
SRM. Its specifications are listed in Table I. It has a pair of 6/4 
SRM stators coaxially coupled so that the salient poles of the 
relevant excitation phase are aligned. The single 6/4 SRM 
rotor with a nonmagnetic shaft is placed inside the stator bore. 
Both shaft ends are supported by bearings that can support 
rotational and linear motion. Simultaneous but unequal 
excitation on corresponding phase windings in each stator 
produces both reluctance torque and thrust. The output torque 
is the sum of the same directional reluctance torques and acts 
on a part of the rotor overlapping each stator, whereas the 
output thrust is the magneto-attractive force difference on the 
rotor in the axial direction. 
Because of space for the angular position sensor holder 
shown in Fig. 3, the magnetic flux paths related to both stators 
are independent of each other. By extending (2), the output 
torque T is presented by 
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where i and L are the winding current and inductance in the 
same phase in each stator, respectively. The subscript number 
indicates the stator, shown in Fig. 2, to which these parameters 
correspond. Setting the origin of the rotor position, x = 0, in the 
center between the stators, the output thrust F is expressed by 
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As both stators are symmetric with respect to the cross section 
at x = 0, (3) and (4) can be rewritten as the matrix expression, 
with xLxL  21 , 
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Through the winding currents i1 and i2, the torque T and thrust 
F can be controlled independently. The representation of 
torque and thrust with magnetic saturation is more complex 
than (5), but is modeled using a magnetic coenergy expression 
as the extension of (1). 
B. Conventional sensing method to detect linear and angular 
positions of 2DOF-SRM rotor 
TABLE I. SPECIFICATIONS OF 2DOF-SRM PROTOTYPE 
Base motor 6/4 SRM 
Rated power 400 W 
Rated torque 1.5 Nm 
Rated rotational speed 1000 min-1 
Power supply (voltage) 33.5 V 
Max. thrust force 30N 
Linear motion stroke 40 mm (±20 mm) 
Power supply (current) 12 A 
Body size 100×100×200 mm 
Rotor size  30×76 L 
Windings 140 Turn/Phase 
Magneto motive force  1680 AT 
  
 
Figure 2. Configuration of 2DOF-SRM for linear and rotational motion 
control 
 Figure 3. Reflective fiber optic switches for rotor position detection in 
rotational direction 
Based on the principle of torque production in SRMs, 
information on the rotor position in the rotational direction is 
necessary to drive the SRM unless a sensorless control 
technique is available. Because of the combined linear and 
rotational motion, the 2DOF-SRM has difficulties in 
mechanically linking the shaft with a sensor such as a rotary 
encoder. In the prototype 2DOF-SRM, a set of three photo-
switches, which are reflective fiber optic switches as shown in 
Fig. 3, are arranged in the sensor retainer placed between 
stators 1 and 2. A set of the pulse outputs from the switches is 
applied to the rotor position feedback in rotational direction. A 
switch is activated when it faces the salient pole of the rotor.  
The set of three switches outputs a three-bit signal, and the 
excited phase winding is determined to produce the torque 
required for the rotation, as shown in Table II. As the shape of 
the cross section of the rotor is uniform in the axial direction, 
the set of the switches generates three-bit information about the 
rotor position at any linear position. In this system, a linear 
potentiometer is applied for linear position sensing, as shown 
in Fig.4. The winding current for each stator is controlled by a 
PID algorithm based on the feedback information from the 
angular position sensor (photo-switch), and the additional 
linear potentiometer. 
 In this conventional sensing system for the prototype 
2DOF-SRM, the resolution of angular position detection is 
only three bits. The linear position sensor has to be mounted 
outside the motor and has to be connected to the output shaft 
with a bearing. Therefore, compact, built-in, noncontact 
sensors for both linear and angular rotor positions are required 
to improve the performance of the 2DOF-SRM. 
III. BUILT-IN LINEAR AND ANGULAR SENSOR DETECTING 
2DOF-SRM ROTOR POSITION 
A. Principle of simultaneous linear and angular rotor 
position sensing for 2DOF-SRM 
To realize compact, built-in, noncontact sensor system for 
the 2DOF-SRM, photoelectric switches with different light 
sources are applied to the position sensor. It is commonly 
known that the reflectance of colored specimen varies with the 
wavelength of the light source [5]. Fig. 5 shows a typical 
spectral reflectance for every wavelength of the light source. 
For example, the reflectance of a white specimen for visible 
light with a wavelength of 400 - 800 nm is approximately 80 %, 
but that of a black specimen is only 2 % for the same range of 
wavelengths. For a red light source approximately 700 nm in 
wavelength, the reflectance of a red specimen is high and that 
of a green specimen is low. On the contrary, for a green light 
source approximately 520 nm in wavelength, the reflectance of 
a green specimen is high and that of a red specimen is low. 
Appropriately setting a reflectance sensitivity threshold in the 
light detector in the photoelectric switch, the sensitivity to 
specimen color and light source color can be controlled. Fig. 6 
and Table III show that the photoelectric switch is sensitive to 
the reflectance of white and red specimens for a red light 
TABLE II. SENSOR OUTPUT AND EXCITED PHASE FOR TORQUE PRODUCTION 
Sensor output 
[SW1, SW2, SW3] 
Excited phase 
[1, 0, 0] A 
[1, 1, 0] B 
[0, 1, 0] B 
[0, 1, 1] C 
[0, 0, 1] C 
[1, 0, 1] A 
1: The switch faces to the salient pole of the rotor 
2: The switch does not face to the salient pole of the rotor 
 
TABLE III. SENSITIVITY OF PHOTOELECTRIC SENSOR FOR TARGET COLOR 
Color of target Red light source sensor Green light source sensor 
White Detect Detect 
Red Detect Not detect 
Green Not detect Detect 
Black Not detect Not detect 
   
Stator1 Stator2 
Output shaft 
Bearing 
Linear position sensor 
Rotational position sensor and sensor holder 
Figure 4. Prototype 2DOF-SRM with an additional linear position 
sensor 
 Figure 5. Spectral reflectance curve 
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Figure 6. Reflectance sensitivity for each sensor target color and light source 
color 
source and to that of white and green specimens for a green 
light source. 
Applying this principle to the rotor position sensor of the 
2DOF-SRM, the rotor is modified to have both cylindrical 
shape and magnetic saliency, as shown in Fig. 7. The grooves 
between the salient poles of the rotor are filled with a resin, 
giving the rotor a cylindrical shape. A lattice pattern on the 
rotor is designed as a target of photoelectric sensors and 
consists of red, green, black, and white-gray cells. A pair of red 
and green light source photoelectric switches is located outside 
the rotor. The arrangement of the colored cells is shown in 
Fig.8. The dimensions of the colored cell are 1 mm × 1mm or 
0.5 mm × 0.5mm, depending on the diameter of the light spot 
and the resolution of the photoelectric switch. 
As the sensing sensitivity is dependent on the light source 
and sensor target color, the photoelectric switch with a green 
light source detects rotational motion of the rotor, and that with 
a red light source detects linear motion independently in the 
same manner as an incremental-type encoder. Fig. 9 shows the 
high sensitivity color pattern based on the light source and 
target colors described in Table III. 
The photoelectric switches generate pulses according to the 
linear and rotational motion of the rotor. Its direction of motion 
is detected by an additional pair of green and red light source 
photoelectric switches on the rotor at the position where the 
switches generate the pulse with a phase difference of 90 
degrees to another switch. 
B. Performance test of linear and angular rotor position 
sensing for 2DOF-SRM 
Before the installation of the developed sensor system on 
the 2DOF-SRM, the performance of the sensor system is 
tested using a measurement apparatus shown in Fig. 10. A 
rotor with a colored sensor target pattern is driven by an 
external motor with a rotary encoder for calibration. Instead of 
linearly moving the rotor, the photoelectric sensor unit slides 
in the axial direction and is connected to a linear 
potentiometer for calibration. 
C. Output signal chattering for light spot on boundary 
between colored cells 
Fig. 11 shows a successful resultant graph of linear rotor 
position detection using the proposed sensor system. The 
  
Figure 11. Successful detection of linear position of the rotor with 
measured data by the additional linear potentiometer for comparison 
Figure 10. Testing apparatus to measure performance of linear and angular 
position sensor system 
 Figure 7. Modification of rotor formed to cylindrical shape 
  
Figure 8. Photoelectric sensor (switch) of different light sources and sensor 
target on the rotor 
 
 Figure 9. High sensitive color pattern detected by green and red light source 
photoelectric switches 
photoelectric switches generate pulses according to the rotor 
rotation and linear motion. The pulse number from each 
switch is in proportion to the rotating angle or linear 
displacement, which is the same measurement principle used 
in a rotary encoder. Because the rotor moves in both linear and 
rotational directions, unstable position detection occurs when 
the sensor light spot is on the boundary between the colored 
cells, as shown in Fig. 12. On the boundary, the output signal 
of the sensor fluctuates and chatters. The unstable pulse 
creates error in position detection due to miscounting the pulse 
number. Fig. 13 shows a resultant graph of the rotor position 
detection with miscounted pulse numbers due to the output 
pulse signal fluctuation. 
D. Signal processing to solve failed detection of photoelectric 
switch due to output pulse fluctuation 
To compensate for the failed detection of the photoelectric 
switch due to the output pulse fluctuation, an improved sensor 
layout is proposed. One more set of photoelectric switches for 
linear and angular position sensing is added to the original 
photoelectric switch set with the pulse phase difference within 
10 degrees. 
When the light spot of the photoelectric switch is on the 
boundary and its output pulse fluctuates, the output pulse of the 
additional nearby switch is stable because its light spot is not 
on the boundary. Fig. 14 shows signal processing for the two 
photoelectric switches. By applying high and low thresholds to 
the sum of the two output pulse signals, the compensated pulse 
is generated and can be counted for position detection. 
Although this signal processing makes it possible to detect both 
the linear and rotational positions of the rotor without any 
deviation, this position sensing system requires at least eight 
photoelectric switches, which is double the amount required by 
the original system, as shown in Table IV. The increase in the 
photoelectric switches would prevent the practical use of 
2DOF-SRM. 
IV. IMPROVEMENT IN LINEAR AND ANGULAR SENSOR 
DETECTING 2DOF-SRM ROTOR POSITION WITHOUT SENSOR 
NUMBER INCREASE 
A. Gradational colored cell pattern preventing sensor output 
pulse signal from fluctuating 
To prevent the sensor output signal from fluctuating when 
the light spot is on the boundary between the colored cells, a 
special gradational colored cell pattern is proposed as shown in 
Fig.15. A photoelectric switch with the analog output is applied 
to this sensor system. This switch can output the analog signal 
in proportion to the reflectance sensitivity. Compared with the 
output pulse signal in the original sensing system, the 
photoelectric switch with the analog output generates an analog 
signal in proportion to the reflectance sensitivity of the target 
TABLE IV. NUMBER OF PHOTOELECTRIC SENSOR FOR LINEAR AND ANGULAR 
ROTOR POSITION DETECTION 
Rotor position 
Sensing System 
For counting pulse and detecting 
moving direction 
Total Linear position 
sensing 
Angular position 
sensing 
Original 
(with pulse 
fluctuation error) 
2 2 4 
Signal-processed 
system 
(without 
deviation) 
4 (original +2) 4 (original +2) 8 
    
 
 
Figure 12．Unstable pulse output of photoelectric switch when the sensor 
light spot is on the boundary between the colored cells 
  
Figure 13. Failed rotor position detection with miscounted pulse number 
by the output pulse signal fluctuation, in which the rotor position detected 
by photoelectric switch deviates from actual position measured by the 
additional potentiometer 
  
Figure 14. Signal processing to solve failure detection of photoelectric 
switch due to output pulse fluctuation 
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gradational colored cell, as shown in Fig. 16. The level of the 
analog output signal is distinguished by high and low 
thresholds and the pulse output corresponding to the analog 
level is then generated. In this system, the number of the 
photoelectric switches is the same as that of the original. 
B. Performance of linear and angular position sensing for 
2DOF-SRM rotor 
As the photoelectric switch for angular position sensing has 
a 250 µs response time and the target pattern generates 24 
pulses per rotation, the detectable rotational speed limit is 
10,000rpm. On the other hand, the resolution of the linear rotor 
position is within 1mm according to the specification of the 
photoelectric switch used in this system. Figs. 17 and 18 show 
that the linear and angular position sensing system consisting 
of the photoelectric switches and two different light sources 
can independently detect the linear and angular position of the 
2DOF-SRM rotor. 
V. CONCLUSIONS 
A noncontact and optical sensing method to detect both 
linear and angular positions of actuating 2DOF-SRM rotor has 
been developed. The position sensing system using 
photoelectric switches and two different light sources can 
independently detect combined linear and rotational motion of 
the 2DOF-SRM. Furthermore, the performance test of the 
linear and angular position sensing by the developed system 
has been successfully conducted. 
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Figure 17. Angular position of the 2DOF-SRM rotor detected by the 
photoelectric sensor at rotational speed of 4000 rpm, with the measured data 
by the additional rotary encoder for comparison 
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Figure 15. Gradational colored cell pattern 
 
Figure 16. Gradational colored cell pattern preventing sensor output 
pulse from fluctuating 
Figure 18. Linear position of the 2DOF-SRM rotor detected by the 
photoelectric sensor at rotational speed of 4000 rpm, with the measured data 
by the additional linear potentiometer for comparison 
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